The most recent Zaire Ebolavirus (ZEBOV) outbreak was the largest and most widespread in recorded history, emphasizing the need for an effective vaccine. Here, we analyzed human cellular immune responses induced by a single dose of the rVSV-ZEBOV vaccine candidate, which showed significant protective efficacy in endemic populations in Guinea. This is the first in-depth characterization of ZEBOV-GP specific, circulating follicular T cells (cTfh). Since antibody titers correlated with protection in preclinical models of ZEBOV infection, Tfh were predicted to correlate with protection. Indeed, the ZEBOV-specific cTfh data correlated with antibody titers in human vaccines and unexpectedly with the Tfh17 subset. The combination of two cutting edge technologies allowed the immuno-profiling of rare cell populations and may help elucidate correlates of protection for a variety of vaccines.
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The genus Ebolavirus belongs to the family Filoviridae (filovirus) and includes a number of highly pathogenic viral species, which can be transmitted to humans from wild animals 1 and easily from person to person 2 . Ebola virus disease (EVD) is a severe disease in humans, associated with a fatality rate, which has varied from 25 percent to 90 percent over the recorded history of outbreaks 2, 3 . EVD was first reported in 1976 in two simultaneous outbreaks, in Sudan, and the Democratic Republic of Congo (DRC) where two distinct species of Ebolavirus, Zaire Ebolavirus (ZEBOV) and Sudan Ebolavirus (SEBOV) were associated with the significant outbreaks 4 , however, the most recent outbreak exceeded all previous epidemics in terms of geographic range and number of cases 3 . Even though this disease is associated with a high fatality rate, prophylaxis and treatment options remain scant and have not been fully evaluated for clinical efficacy. Desirable target product characteristics of a ZEBOV vaccine are high efficacy after a single immunization, rapid-onset of protection, and long-lasting immunity. A vaccine with such properties would have the potential to quickly stop the spread of the disease or even prevent significant outbreaks. Various vaccine platforms have been evaluated for their efficacy in preclinical models including nonhuman primates. One of the lead vaccine platforms is based on a live, replication-competent recombinant vesicular stomatitis virus (rVSV) 5 in which the gene for the VSV glyco protein (VSV-GP) is replaced by the ZEBOV glycoprotein. This vaccine successfully protected nonhuman primates (NHP) against a challenge with ZEBOV 6, 7 . Moreover, this vaccine demonstrated post-exposure protection (PEP) in a NHP model, which has led to its investigational use as a countermeasure under contingency protocols for suspected Ebola Zaire exposures as post exposure therapy [8] [9] [10] ; early clinical trials in the US, Europe, and Africa have demonstrated that a single inoculation of the vaccine candidate is immunogenic [11] [12] [13] and tolerated in the majority of vaccinated subjects although reactogenicity was observed 11, 12 . A phase III trial of efficacy with ring vaccination design, whereby close contacts of ZEBOV patients were vaccinated immediately or three weeks after diagnosis of the newly identified case, has suggested that this live, attenuated, single-dose vaccine candidate is highly efficacious 14 .
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To date, however, reported correlates of vaccine-induced immune protection for EBOV remain varied, with data from preclinical models indicating the involvement of both cellular and humoral mechanisms 7, [15] [16] [17] . The type of immune mechanisms leading to protection may depend on the vaccine platform. Immune mechanisms induced by the rVSV-ZEBOV vaccines have been investigated in mouse models 15 and in NHP 7 . In the latter, animals were immunized with rVSV-ZEBOV following the depletion of either CD4
+ or CD8 + T cells during immunization or right before challenge. While depletion of CD8 + T cells did not affect vaccine efficacy, the loss of CD4
+ T cells at time of vaccination had a great impact on antibody responses (depressed titers) and the resulting protection. Depletion of CD4
+ T cells at the time of challenge had no impact indicating that this T cell population has no direct effector function.
The objective of the present analysis was to characterize the circulating follicular helper T cells (cTfh) and cytokine immune profiles induced by the rVSV-ZEBOV vaccine since minimal human data (i.e., only serology) are available on the immune profile induced by this vaccine candidate. The vaccine was originally developed by Public Health Canada, licensed to NewLink Genetics Corp., which initiated clinical testing and GMP manufacturing of the vaccine (designated BPSC1001), and subsequently sublicensed it exclusively to Merck & Co, which is engaged in the late stage development of the vaccine candidate (V920). The current study establishes highly detailed immunoprofiles for a cohort of V920-immunized human subjects (for description of the clinical study, see ref. 13 ) and the tools and parameters which will allow a comparison with responses in ZEBOV-exposed humans, thus, informing assessments of the immune response that may subsequently be applied to the identification of immune correlates of protection.
Results
Cytokine profile of ZEBOV-GP stimulated immune responses in PBMC. For the characterization of the cytokine profile of ZEBOV-GP-specific peripheral blood mononuclear cells (PBMC), culture supernatant from ZEBOV-GP-peptide stimulated cells were analyzed using the Mesoscale cytokine multiplex assay platform ( Table 1 ). The analyzed cytokines are representatives for different functional categories: IL-1β and IL-8 (pro-inflammatory), IFN-γ, IL-12, IL-2, TNF-α (Th1), IL-4, IL-6, IL-13 (Th2), and IL-10 (immuno-modulatory). IFN-γ was the most abundantly secreted cytokine by cells from all three vaccine dose cohorts in response to ZEBOV-GP peptides. The enrolled subjects were divided into three dose groups and received either 3 × 10 Cytokine signatures for each cohort were established using a correlation matrix ( Fig. 1) which resulted in the following key observations: (1) in cohort 1, a cluster of correlations results from antigen stimulation that consists of IL-1β, IL-4, IL-10, and TNF-α. There is also a strong correlation between IL-12 and IL-13, but with only two factors, this cannot be considered a true cluster. IFN-γ, while expressed at high levels by stimulated cells, does not have any other correlations. Immunization with rVSV-ZEBOV-GP induces significant levels of cTFH. The use of CD154 as activation marker and tool for rare cell detection has been described previously 18 . The initial The sensitivity of the various analytes: IFN-γ (0.2 pg/ml), IL-10 (0.03 pg/ml), IL12p70 (0.11 pg/ml), IL-13 (0.24 pg/ml), IL-1β (0.04 pg/ml), IL-2 (0.09 pg/ml), IL-4 (0.02 pg/ml), IL-6 (0.06 pg/ml), IL-8 (0.04 pg/ml), TNF-α (0.04 pg/ml). 
CD4
+ T cells within the enriched population increased in all three vaccine cohorts from baseline levels (Day 0) (Fig. 3) . The frequency of the CXCR5 + T cells was significantly different in the three cohorts on Day 28 (p < 0.001, ANOVA) and Day 56 (p = 0.009, ANOVA). There was a significant interaction between time point and cohort (p = 0.001, two-way ANOVA) (Supplementary Table S1 ). No significant changes in the frequencies were observed between Day 28 and Day 56. The high dose cohort (cohort 3) had the highest responses, but whether the higher responses are associated with altered function or persistence of the cTfh cells remains to be determined.
Vaccine dose and its impact on the differential induction of cTfh subsets. To further investigate the differences in the composition of ZEBOV-GP-specific CD4 + T cell responses and a potential polarization of the cellular response depending on vaccine dose, we evaluated the expression of chemokine receptors (CXCR3 and CCR6), which are associated with distinct CXCR5 subsets in human peripheral blood 19, 20 . The analysis revealed a marked predominance of cTfh17 cells, followed by the cTfh2 and cTfh1 cell subset (Fig. 4) . Immunization with the rVSV-ZEBOV vaccine resulted in significant increase in the frequency of cTfh17 subset (especially in cohort 3), but not in the other Tfh subsets. When expanding the statistical analysis to include both factors, time point after vaccination and vaccine cohort, there was a significant interaction between these factors for the cTfh17 subpopulation (Two-way ANOVA, p < 0.001), but not for the cTfh1 or the cTfh2 subpopulations (Supplementary Table S2 ). The kinetics of changes in the subset also demonstrates that there is, at a minimum, maintenance of these Tfh subsets, as the frequencies of the ZEBOV-GP-specific cTfh is maintained at Day 56. Table 1 for actual cytokine data. Fig. S2 ).
Discussion
The present study employs a combination of two exquisitely sensitive technologies, and provides a detailed and first cytokine profile of ZEBOV-glycoprotein (GP)-specific immune responses in humans. Three cohorts of volunteers received a single intramuscular injection of an increasing dose of the rVSV-ZEBOV vaccine. The dose given to the second cohort corresponds to the dose used for the ring trial in Guinea which resulted in a very high level of protective efficacy against infection during the outbreak in 2014. When stimulated in vitro with a peptide pool corresponding to sequences from the ZEBOV-GP, the vaccine dose correlated with a broader and more complex cytokine pattern with increasingly complex associations. The responses of cells from the low dose vaccine group (cohort 1) were dominated mainly by IFN-γ secretion. This cytokine increased with the vaccine dose, but did not positively correlate with any other cytokine in any volunteer from either one of the three cohorts (Table 1 , Fig. 1 ). It did, however, negatively correlate with IL-8 in cohort 2 and additionally with IL-2 in cohort 3. The cytokine signatures of the vaccinated subjects in cohorts 2 and 3 revealed two main clusters of correlations: (1) Cluster One with IL-2, IL-12, and IL-13 -depending on the vaccine dose, either IL-6 and IL-10 (cohort 2) or IL-8 (cohort 3) are part of this cluster. Overall, many of these factors can promote T cell and B cell proliferation, independent of each other. (2) Cluster Two contained IL-1-β, IL-4, IL-10 and TNF-α. We hypothesize that an increase in vaccine dose leads towards a skewing in the cytokine profile that promotes humoral immune responses which is supported by the serological data 13 and Supplementary Table S3 . A causative link between these two parameters will need to be established through future functional studies. Additional insight may be gained by characterizing the lineage of the cytokine producing cells. In our study, we employed a highly sensitive bulk detection-method, namely the Mesoscale platform, to analyze culture supernatants from stimulated PBMCs. Such bulk readout methods report cytokine profiles as well as absolute amounts of cytokine at the population level and, therefore, characterize the overall cytokine response of an individual vaccine recipient. The use of multiplexing assays allows a broad characterization of the immune response with a limited amount of cells, but, unlike intracellular cytokine staining, no conclusions can be drawn regarding the frequency and identity of cytokine/chemokine producing cells. However, when analyzing rare cells such as antigen-specific cTfh in limited amounts of sample, their frequency may be below the detection threshold of a flow cytometer (reviewed in ref. 18) . Thus, such analyses are typically restricted to few factors and unable to generate broad cytokine profiles. For this study, we sought to establish a readout protocol which could be applied to a variety of vaccine studies in which the amount of patient material is limited, but high-density data sets are required in the search of immune correlates of protection.
Previous studies in preclinical models have suggested that antibodies and CD4 + T cells are involved in protection against ZEBOV mediated by the rVSV-ZEBOV vaccine 7, 15 . Thus, apart from the characterization of the cytokine profile, we sought to gain insights into functional CD4 + T cell subsets, namely Tfh cells as these cells are crucial for mediating a T-cell dependent humoral immune response. The present study characterizes functional CD4
+ T cell subsets based on previously established subsets markers 19, 20 . Although the precise phenotype of cTfh cells is still subject of discussions, we used a well-established panel 19 for the characterization of the vaccine-induced cTfh -profile to aid in the immunological assessment of this vaccine candidate. Modification of conventional flow cytometric analysis was necessary as the frequency of antigen-specific cTfh cells was low (Fig. 2) , which was anticipated given the immunological naivety of the study subjects to ZEBOV-GP and the immunization with a single dose of the vaccine. To overcome this challenge, we enriched antigen-specific T cells based on CD154 and subsequently performed an in-depth characterization of the antigen-specific CD4 +
CXCR5
+ T cell subsets (Fig. 3) . We categorized the CD4 + T cell subsets based on the expression of CXCR5 (a chemokine receptor which guides migration of leukocytes into the B cell compartments of lymphoid tissues), CXCR3 (expressed on activated T cells, preferentially Th1 cells), and CCR6 (expressed on memory T cells, preferentially Th17 cells) 21 (Fig. 4) . The latter cell population is increasingly being recognized as playing a crucial role in immunity against infectious diseases, and it has been postulated that Th17 cells play a role in vaccine-induced immune memory. The actual distribution of Tfh subpopulations between tissue and peripheral blood has yet to be 
CD154
+ T cells (see Supplementary Fig. S1 for gating strategy). See Supplementary Table S2 for detailed statistical analysis.
fully described (reviewed in ref. 22) . While scientifically important, ultimately, this type of characterization bears little relevance in the context of any analysis that seeks to describe an immunoprofile to guide vaccine development, as peripheral blood is the most readily accessible source of immune cells for such an effort. Thus, the use of cTfh cells, as opposed to tissue-resident Tfh cells, in the search for correlates of protection, is highly appropriate 22 . The role of Tfh17 cells in vaccine-induced immunity is an emerging field of research. Until recently, these cells had been associated predominantly with disease progression and pathology, but it is now increasingly understood that they play a crucial role in mediating protection against a variety of pathogens [23] [24] [25] and that they may be induced mainly by live, attenuated vaccines 23, 26 and mucosal vaccines 27 . Both Tfh2 and Tfh17 subsets have been shown to be efficient in providing B cell help 20 . Finally, increased frequencies of Tfh2 and Tfh17 cells were detected in individuals who had broadly neutralizing antibodies to HIV 28 supporting the current hypothesis that Tfh17 in addition to Tfh2 may be important in promoting humoral immune responses. Our data indicate that cellular immune responses are efficiently maintained at Day 56 after a single immunization with various doses of rVSV-ZEBOV (Fig. 4) . The focus of future studies should be to delineate the relationship of the present immunological analysis with immunological parameters governed by the interaction of Tfh and B-cells, specifically antibody affinity and Fc functionality, as well as the persistence of memory.
The observation that antibody titers correlated with the frequency of ZEBOV-GP specific cTfh17 cells (Fig. 5 ) was unexpected since, traditionally, Tfh2 are thought to promote the majority of the humoral response. A few recent studies, however, have demonstrated that IL-17 plays a role in the induction of antibody responses, isotype switching and germinal center formation 29, 30 . Moreover, there is increasing evidence that Th17 play a crucial role in recall responses induced by vaccines targeting bacterial, fungal and viral pathogens (reviewed in ref. 21 ). The current study expands this knowledge to human immune responses against ZEBOV, which has not been previously reported. We cannot rule out that other T cell subsets such as Tfh2, especially tissue-resident cells in the germinal centers of lymphatic tissues, also contribute to the antibody response and may, thus, act synergistically with cTfh17. The data presented here are restricted to responses that can be measured in peripheral blood and therefore, establish only a surrogate marker of an efficacious vaccine response against ZEBOV. Regarding the dose response to the vaccine observed in the present study, there is precedence from other disease models that while immunization with high antigen doses results in higher frequency of antigen-specific cells, the affinity of these cells' T cell receptor (TCR) is reduced 31, 32 . A recent study indicates that the antigen affinity greatly impacts the differentiation of T cell responses 33 . We are showing this striking impact of vaccine dose on the Tfh1/Tfh2/Tfh17 ratio for the first time in the context of a human ZEBOV vaccine. The understanding of the relationship between antigen dose, quality of the T cell response and the resulting persistence of Tfh subpopulations is crucial for the design of vaccine regimens and improving vaccine efficacy beyond vaccines just against ZEBOV.
Future studies should aim at expanding the analysis presented in this study using samples from vaccinated subjects in field studies as well as profiling the cytokine and cTfh responses in survivors. Increasing the analysis panel to include assessment of the frequency of ZEBOV-specific memory B cells as well as intensifying the characterization of the antibody response in regards to affinity, isotype profile, and even glycosylation patterns of the immunoglobulin heavy chain (reviewed in ref. 34 ) will bring us even closer to establishing a definitive correlate of protection against ZEBOV, while the present study represents an important first leap towards this goal.
Materials and Methods
Study design and samples. Samples were obtained from subjects participating in the Phase I clinical trial (NCT02269423) conducted at the Clinical Trials Center at WRAIR 13 . The methods were carried out in accordance with the approved guidelines. All experimental protocols were approved by the WRAIR Human Subject Protection Branch (WRAIR#2163) and all study subjects had provided informed consent for future use of the samples. Peripheral blood mononuclear cells (PBMC) were collected on Day 0 and at various time points after vaccination and cryopreserved.
Pooling of the ZEBOV Kikwit GP Consensus peptides. 15 -mer lyophilized peptides (overlapping by 11 amino acids) were purchased from Atlantic Peptides (Lewisburg, PA) and reconstituted in DMSO at a concentration of 10 mg/mL. Equal amounts of peptides were pooled thereafter, and divided into 6 equal aliquots (0.45 mg of each peptide); hydrophobic peptides were omitted from the pools. Polychromatic Flow Cytometry Staining. Cryopreserved PBMCs from Days 0, 28, and 56 were cultured with a ZEBOV-GP Megapool (pool of all peptide) at 1.0 μg/mL or medium alone (control stimulation). Cells were cultured for 16 hours (37 °C, 5% CO 2 ) in complete medium (RPMI-1640 (Life Technologies, Waltham, MA) containing 10% human serum (Gemini Bio-Products, West Sacramento, CA)) at a concentration of 5 × 10 7 cells/ mL. Anti-human CCR6-APC (REA190) and CD40 (HB14) were added to the culture at a 1:10 and 1:100 dilution, respectively. Following stimulation, cells were washed and stained with anti-human CD154-biotin (5C8) for 15 minutes at 4 °C in FACS solution (0.5% human serum and 0.1% sodium azide in PBS). Cells were further incubated with anti-biotin microbeads (ultrapure, Miltenyi Biotec, San Diego, CA) for 15 minutes at 4 °C. After washing, a pre-titrated and optimized antibody cocktail with fluorochrome-conjugated antibodies against CD3-VioBlue ( BW264/56), CD4-PerCPVio700 (M-T466), CD185-PEVio770 (REA103), CD183-VioBrightFITC (REA232), CD154-PE (5C8) and Zombie Aqua Fixable dye (BioLegend, San Diego, CA) was added and incubated for 45 minutes at 4 °C. All monoclonal antibodies for cell culture and analysis were purchased from Miltenyi Biotec (San Diego, CA). After washing and resuspending in PBS, cells were enriched and acquired on a MACSQuant Analyzer 10.
The gating strategy is depicted in Supplementary Fig. 1 . Lymphocytes were first gated by scatter, and then based on viability and lineage marker CD3. Enriched antigen-specific cells were gated by co-expression of CD4 and CD154, followed by the expression of CD4 and CXCR5. Within the CD4 +
CXCR5
+ cells, subsets were further identified -based on CCR6 and CXCR3 expression-as Tfh1, Tfh2, and Tfh17 cells. The quantitative analysis was performed using FlowJo 10 (Treestar, Ashland, OR).
Statistical analysis.
Data from the different cohorts and time points were tested for statistical significance using ANOVA (Minitab software package, Minitab Inc., State College, PA). Correlations between Tfh frequencies and antibody titers at the respective time points (Day 0, Day 28, Day 56) were determined by the Pearson correlation (Minitab). The correlation matrix/correlogram was computed and plotted using R software (STHDA website).
